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MOLYBDENUM SINGLE CRYSTALS* 

Chou Pang-Hsin 

The cold-rol led and r e c r y s t a l l i z a t i o n  t e x t u r e s  of 
molybdenum s i n g l e  c r y s t a l s  of (110) [ O O l ]  and (111) [UT] 
o r i e n t a t i o n  a f t e r  a reduct ion i n  th i ckness  of 70, 80 and 
85 p c t  w e r e  i nves t iga t ed .  A s  the r educ t ion  i n  thickness  
increased from 70 t o  85 p c t ,  the r e c r y s t a l l i z a t i o n  t e x t u r e s  
g radua l ly  changed from t h e  (110) [OOl], (22T) [114] o r i en ta -  
t i o n s  towards t h e  (320) [ O O l l  and (210) [ O O l ]  o r i e n t a t i o n s .  
These r e s u l t s  can be  s a t i s f a c t o r i l y  explained by o r i e n t e d  
nucleat ion.  

For t h e  a l l o y s  of i r o n  and s i l i c o n ,  there have been q u i t e  a few s t u d i e s  
(Ref. 1 - 6)  concerning t h e  cold-rol led and r e c r y s t a l l i z a t i o n  t e x t u r e s  of 
s i n g l e  c r y s t a l s  of (110) [OOl] , (111) [ 1121 and (100) [ 0011 o r i e n t a t i o n s .  How- 
ever, l i t t l e  r e sea rch  has been performed f o r  molybdenum s i n g l e  c r y s t a l s .  It 
has been found t h a t  molybdenum s i n g l e  crystals of o r i e n t a t i o n  c l o s e  t o  (110) 
[ O O l ]  s t i l l  have t h e  r e c r y s t a l l i z a t i o n  t e x t u r e  of (100)[0011 a f t e r  being cold- 
r o l l e d  ( R e f .  7). Later, a similar phenomenon w a s  observed with t h e  s i n g l e  
c r y s t a l s  of  i r o n - s i l i c o n  a l l o y s  (Ref. 3).  No i n v e s t i g a t i o n ,  however, has been 
made of the.  G d d - r o l l e d - d  rec+al&ation t e x t u r e s - u f  molybdenum s i n g l e  
c r y s t a l s  of  (110)[001] and (111)[112] o r i e n t a t i o n s .  It is  be l i eved  t h a t  more 
r e sea rch  on several d i f f e r e n t  body-centered cubic  metals and a l l o y s  would b e  
h e l p f u l  i n  understanding t h e  formation of r e c r y s t a l l i z a t i o n  t e x t u r e s  i n  body- 
centered cub ic  metals and a l l o y s .  

/297** 

I n  t h i s  s tudy,  t h e  cold-rol led and r e c r y s t a l l i z a t i o n  t e x t u r e s  of molybde- 
num s i n g l e  c r y s t a l s  of (110) [ O O l ]  and (111) [ l l z ]  o r i e n t a t i o n  a f t e r  a r educ t ion  
i n  th i ckness  of 70%, 80%, and 85% are inves t iga t ed .  The problem of r e c r y s t a l l &  
z a t i o n  t e x t u r e  formation i s  discussed from t h e  o r i e n t e d  nuc lea t ion  p o i n t  of 
view. 

I. Experimental Method and Process 
(Ref. 8) 

The t ransformation r e c r y s t a l l i z a t i o n  method/is used t o  make molybdenum 
s i n g l e  c r y s t a l s  1 mm i n  diameter,  350 mm long and having <110> o r i e n t a t i o n .  
The axial d i r e c t i o n  of t h e  sample deviates  only 2' from t h e  <110> d i r e c t i o n .  

.The appropr i a t e  angle  i s  s e l e c t e d  by the  Laue X-ray photographic 
;method. 
; c r y s t a l ,  0.7 mm t h i c k ,  and o r i e n t a t i o n  ( l l O ) [ l i O ]  and ( l l l ) [ l i O ] .  

Fine sandpaper i s  used t o  g r ind  t h e  sample i n t o  a sl ice of s i n g l e  

l a y e r  of t ransformation i s  then removed by an e l e c t r o l y t i c  po l i sh ing  technique. 
When s i n g l e  c r y s t a l s  of t h e s e  two o r i e n t a t i o n s  are r o l l e d  along t h e  d i r e c t i o n  

The s u r f a c e  
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** Ntiiibers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  f o r e i g n  t e x t .  



: I )  1 perpendicular t o  t h e  axial d i r e c t i o n  Jllh 
of t h e  o r i g i n a l  c r y s t a l ,  t h e  o r i en ta -  
t i o n s  become (110) [ O O l ]  and (111) [ 1121. 
Their (110) p o l e  f i g u r e  i s  shown i n  
Figure 1. 

I I 

i 
I 

The samples are r o l l e d  with two, 
r o l l e r  type r o l l i n g  machines with a 

I r o l l e r  diameter of 70 mm. To reach 
t h e  70 - 85% reduct ion i n  th i ckness ,  
co ld - ro l l i ng  is requ i r ed  approximately 
20 - 40 t i m e s .  The cold-rol led sam- 
p l e s  are then anngaled i n s i d e  a high 
temperature vacuwi furnace.  These 1 2 9 9  
cold-rol led o r  annealed samples are 
then  t r e a t e d  by t h e  method of  e l e c t r o -  
l y t i c  po l i sh ing  and e l e c t r o l y t i c  

Figure 1 e tch ing ,  and t h e  micro-s t ructure  is  
observed. A series of p i c t u r e s  are 

(110) P o l e  Figure of t h e  Two-Slice taken a t  d i f f e r e n t  angles  by t h e  X-ray 
S ing le  C r y s t a l s  (110) [OOl] and photography method ( l i g h t  source is  
(111) [ 1131. CUK,). The p o l a r  diagrams are then  

I 

I 

I 

o - (110)[001];  A - (lll)[lE] 

(1) - Rol l ing  d i r e c t i o n  

drawn, and t h e  t e x t u r e s  are determined 

- _._ 
I1 Experimental Resu l t s  

1. Cold-rolled Textures 
(110) 

Figures  2 a, b ,  and c r ep resen t /po la r  diagrams of a s ing le  cz3~stal of 
o r i e n t a t i o n  (110)[001], after a reduct ion i n  th i ckness  of 70%, 80% and 85%. 
Figures  3 a ,  b,  and c r ep resen t  the (110) p o l a r  diagrams of a s i n g l e  c r y s t a l  of 
o r i e n t a t i o n  ( l l l ) [ l l z ] ,  a f t e r  reduct ion i n  th i ckness  of 70%, 80% and 85%. 
s i n g l e  crystal of o r i e n t a t i o n  (110)[001], a f t e r  a r educ t ion  i n  th i ckness  of 
70 - 85%, has a p a i r  of  symmetric textures ( 1 1 1 ) [ 1 1 ~ ]  and ( l l l ) [ i i 2 1 ,  and t h e  
o r i g i n a l  o r i e n t a t i o n  of (110)[001] i s  s t i l l  preserved. A s  t h e  degree of de- 
formation increased,  t h e  {111)<112> t ex tu re  became s t r eng thened ,  and t h e  
{110)<001> t e x t u r e  was weakened. 
of new, r e l a t i v e l y  weak t e x t u r e s  (210)[001] appeared. Figure 4a shows a pic- 
t u r e  of t h e  microscopic s t r u c t u r e  of a s i n g l e  c r y s t a l  of o r i e n t a t i o n  (110)[0011, 
a f t e r  70% reduc t ion  i n  thickness .  
t a l  has  been r o l l e d  and deformed, t he re  is  a deformation band s t r u c t u r e ,  b u t  
no deformation t w i n  c r y s t a l s  appear. The s i n g l e  crystal of o r i e n t a t i o n  (111) 

’ [112], after r educ t ion  in thickness  of 70 - 85%, s t i l l  r e t a i n s  t h e  (111) [ l l z ]  
o r i e n t a t i o n ,  and a t  t h e  same t i m e  acquires  a p a i r  of r e l a t i v e l y  w e a k  t e x t u r e s  
(110) [OOl] . As t h e  degree of deformation i n c r e a s e s ,  t e x t u r e s  become more and 
more dispersed.  
weak t e x t u r e s  (210)[001] i s  obtained. 
o r i e n t a t i o n  (111)[112] a f t e r  t h e  deformation is similar t o  t h a t  of t h e  (110) 
[OOl] s i n g l e  crysta1,except  t h a t  t h e  deformation band appears t o  be f i n e r  and 

The 

After t h e  85% reduc t ion  i n  th i ckness ,  a p a i r  

It can be  seen t h a t ,  a f t e r  t h e  s i n g l e  crys- 

Af te r  85% reduc t ion  i n  th i ckness ,  a new p a i r  of r e l a t i v e l y  
The s t r u c t u r e  of a s i n g l e  crystal of 

2 
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Figure 2 

(110) Pole Figures  of (110)[001] 
S i n g l e  C r y s t a l  A f t e r  Reduction i n  
Thickness of 70% ( a ) ,  80% (b) and 
85% (c).  

o - (110) [OOl] ; A - (111) [112] ; 
v - ( i i i ) [ i i 2 ] ;  a - (210)[0011 

(1) - Roll ing d i r e c t i o n  

j 2 9 8  

denser. 

2. R e c r y s t a l l i z a t i o n  Textures 

When t h e  s i n g l e  c r y s t a l s  of o r i en ta -  
t i o n s  (110) [OOl] and (111) [ l l z ]  are exam- 
ined by t h e  X-ray photography technique, 
a f t e r  be ing  cold r o l l e d  70 - 85%, and 
annealed a t  1300°C f o r  15 minutes, no new 
c r y s t a l  g r a i n  of r e c r y s t a l l i z a t i o n  i s  ob- 
served. The r e c r y s t a l l i z a t i o n  temperature 
is higher  than t h e  gene ra l  p o l y c r y s t a l l i n e  
molybdenum sample. Figure 4b shows a 
sample taken from t h e  hea t ing  process  w i t h  
annealing at 15OO0C, a f t e r  t h e  (110)[001] 
s i n g l e  c r y s t a l  has been cold-rol led 70%. 
It can be seen t h a t  t h e  new c r y s t a l  g r a i n s  
readily f i r s t  appear a t  t h e  boundaries of 
t h e  deformation band; t h e  number of g r a i n  
nuc le i  i s  r e l a t i v e l y  s m a l l .  C r y s t a l  g r a i n s  
are l a r g e r  i n  s i z e  a f t e r  t h e  completion of 
r e c r y s t a l l i z a t i o n .  Samples a f t e r  being 
cold-rol led 80%, annealed and r e c r y s t a l l i z -  
ed,  have an average c r y s t a l  g r a i n  diameter 
of about 0.12 mm. During t h e  r e c r y s t a l l i z s t  
t i o n  p rocess ,  t h e  {111)<112> t e x t u r e  i s  
r e l a t i v e l y  s t a b l e ,  and disappears  g radua l ly  
i n  the later pe r iod  of t h e  r e c r y s t a l l i z a -  
t i o n  process .  For a l l  t h e  samples, t h e  
complete r e c r y s t a l l i z a t i o n  s t r u c t u r e  is  ob- 
ta ined a f t e r  anneal ing a t  1500°C f o r  30 
minutes. Figures 5 a ,  b and c show t h e  
(110) p o l e  f i g u r e s  of a (110)[001] s i n g l e  
crystal a f t e r  being cold-rol led 70%, 80%, 
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C' ) $i kl , 
Figure 3 

(110) Pole  Figures  of (111) [ l lz ]  
S ing le  C r y s t a l  Af t e r  Reduction i n  
Thickness of 70% ( a ) ,  80% ( b ) ,  
and 85% ( c ) .  

o - (110) [OOl] ; A - (111) [ll?] ; 
I 0 - (320) [OOl]; a - (210) [ O O l ]  

(1) - Roll ing d i r e c t i o n  
I 

I 
and 85%, annealed, and r e c r y s t a l l i z e d .  
Figures 6 a,  b and c show t h e  (110) p o l e  
f i g u r e s  of a (111)[112] s i n g l e  c r y s t a l  
a f t e r  being cold-rol led 70%, 80% and 85%, 
annealed, and r e c r y s t a l l i z e d .  The (110) 
[OOl] s i n g l e  c r y s t a l ,  a f t e r  being cold- 
r o l l e d  70% and annealed, developed (110) 
[ 001 1 and weaker (221) [ 1141 , (221) [ 1141 re- 
C n s t a l l i z a t i o n  t e x t u r e s .  There i s  a com- 
mon [ l i O ]  d i r e c t i o n  among them which is  
perpendicular  t o  t h e  r o l l i n g  d i r e c t i o n .  
The sample r o l l e d  80% and annealed has  a 
concentrated (llO)[OOll r e c r y s t a l l i z a t i o n  
texture .  The sample cold-rol led 85% and 
annealed, developed ( l l O ) [ O O l ]  and weaker 1301 
(120) [ 0011 , (210) [OOl] r e c r y s t a l l i z a t i o n  
t ex tu res .  Among them, t h e r e  i s  a common 
[ O O l ]  d i r e c t i o n  which i s  p a r a l l e l  t o  t h e  
r o l l i n g  d i r e c t i o n .  A f t e r  being cold- 
r o l l e d  70% and annealed, t h e  s i n g l e  c r y s t a l  
of o r i e n t a t i o n  ( l l l ) [ 1 1 2 ]  acquired (110) 
[OOl] and weaker (221) E1141 r e c r y s t a l l i z a -  
t i o n  t e x t u r e s .  Among them t h e r e  is  a 
common [ l i O ]  d i r e c t i o n  which i s  perpendicu- 
lar  t o  t h e  r o l l i n g  d i r e c t i o n .  The sample, 

. which w a s  cold-rol led 80% and annealed, 
developed (110)[001] and (320)[001] re- 
c r y s t a l l i z a t i o n  t e x t u r e s .  The sample cold- 
r o l l e d  85% and annealed had (110)[ 0011 re- 
c r y s t a l l i z a t i o n  t e x t u r e s .  Among them, 
the re  is  a common d i r e c t i o n  [ O O l ]  which is  
p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n .  
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. .  Figure 4 

The Microscopic S t r u c t u r a l  P ic tures  of a (110) [OOl] 
S ingle  Crys t a l  Af te r  70% Cold-Rolling ( a ) ,  and During 
t h e  Annealing Process (b) .  x 150 (+ Roll ing d i r e c t i o n ) .  

111. Discussion of Resul ts  

From t h e  above r e s u l t s ,  i t  may b e  concluded t h a t  -- although t h e  cold- 
r o l l e d  and r e c r y s t a l l i z a t i o n  t ex tu res  of (110) [OOl] and (111) [ l l z ]  molybdenum 
s i n g l e  c r y s t a l s  are similar t o  those of t h e  s i n g l e  c r y s t a l s  of i ron - s i l i con  
a l l o y  wi th  t h e  same o r i e n t a t i o n s  -- there  a r e  a l s o  d i s s i m i l a r i t i e s .  The (110) 
[OOl] molybdenum s i n g l e  c r y s t a l  ttoes-xot develop twin components when deformed 
under co ld- ro l l ing ,  and the re fo re  does not  form a (100)[011] t ex tu re .  N o  
I221)<114> r e c r y s t a l l i z a t i o n  t e x t u r e  was observed when the  i ron - s i l i con  s i n g l e  
c r y s t a l  w a s  cold-rol led 70% and annealed. 
a t  d i f f e r e n t  degrees of reduct ion  and the  r e c r y s t a l l i z a t i o n  t e x t u r e s  of molyb- 
denum s i n g l e  crystals of o r i e n t a t i o n s  (110) [ O O l ]  and (111) [ l l z l ,  w e  found, t h a t  
a f t e r  co ld - ro l l i ng , a  t e x t u r e  having the same o r i e n t a t i o n  a s  the r e c r y s t a l l i z a -  
t i o n  t e x t u r e  a c t u a l l y  e x i s t s .  During annealing and r e c r y s t a l l i z a t i o n ,  t h i s  
t e x t u r e  probably passes  through a r e c r y s t a l l i z a t i o n  process ,  becomes t h e  
nucleus f o r  r e c r y s t a l l i z a t i o n ,  and then develops i n t o  a r e c r y s t a l l i z a t i o n  tex- 
t u r e .  However, why do the  r e c r y s t a l l i z a t i o n  t ex tu res  of s i n g l e  c r y s t a l s  of 
t hese  two o r i e n t a t i o n s  vary gradual ly  from (221) [114] , (110) [OOl] towards 
(320)[001],  (210)[001], with an increase  i n  the  degree of deformation? 
ques t ion  r equ i r e s  f u r t h e r  explanat ion.  

Comparing t h e  co ld- ro l led  t e x t u r e s  

This 

A t  p re sen t ,  t h e r e  is  s t i l l  a d ispute  concerning t h e  main f a c t o r  leading 
To summarize, t h e r e  are two t o  t h e  formation of r e c r y s t a l l i z a t i o n  tex tures .  

d i f f e r e n t  opinions.  
za t ion  nucleus l ies i n  a narrow range and -- when t h e  o r i e n t a t i o n  of t h e  crys- 
t a l  nucleus is d i f f e r e n t  from t h a t  of t he  main deformation t e x t u r e  and t h a t  
of i t s  twin component -- t h e  c r y s t a l  nucleus can grow and develop i n t o  the  
r e c r y s t a l l i z a t i o n  t ex tu re .  This is ca l led  the  "or ien ted  nuc lea t ion"  theory.  
The o t h e r  opinion assumes t h a t  t h e  o r i e n t a t i o n  of t h e  r e c r y s t a l l i z a t i o n  n u c l e i  
i s  random and t h a t  t he  formation of the r e c r y s t a l l i z a t i o n  t e x t u r e  i s  mainly 
due t o  t h e  r e s u l t  of s e l e c t i v e  growth between t h e  o r i e n t a t i o n  of r e c r y s t a l l i z a -  
t i o n  n u c l e i  and t h a t  of t h e  deformation t e x t u r e  of t h e  o r i g i n a l  c r y s t a l .  This 

One opinion holds t h a t  t he  o r i e n t a t i o n  of t h e  r e c r y s t a l l i -  
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Figure 5 f 300 

a 
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c 

(110) Pole Figure of t h e  Cold- 
Rolled and Annealed (110)[001] 
S ing le  Crystal. (a) 70% r o l l e d ,  
(b) 80% r o l l e d ,  (c) 85% r o l l e d .  
The annealing temperature i s  
1500 O C .  

o - (221)[11Z]; o - ( z z i ) [ i i 4 ] ;  

0 - (210) [OOl]. 
0 - (110)[001]; 

(1) - Roll ing d i r e c t i o n  

0 - (120)[001]; 

is  c a l l e d  t h e  "or iented growth" hypothe- 
sis. 

Hsun Hu (Ref. 4) has explained t h e  
formation of (110) [ O O l ]  and (210) [OOl] re- 
c r y s t a l l i z a t i o n  t e x t u r e s  of a ( l l O ) [ O O l ]  
i r on - s i l i con  s i n g l e  c r y s t a l  a f t e r  cold- 
r o l l i n g  and annealing. It w a s  assumed 
t h a t  t h e  deformation t e x t u r e  of o r i en ta -  
t i o n  {111)<112> can l e a d  t o  t h e  growth 
of t h e  r e c r y s t a l l i z a t i o n  n u c l e i  of i i l O j  
cool> o r i e n t a t i o n  and forms t h e  {110)<001> 
r e c r y s t a l l i z a t i o n  t e x t u r e .  The deforma- 
t i o n  t e x t u r e  (110)<001> can a l s o  l ead  t o  
the growth of t he  r e c r y s t a l l i z a t i o n  n u c l e i  
of {120)<001> o r i e n t a t i o n ,  and t h e r e f o r e  
a {12O)<OO1> r e c r y s t a l l i z a t i o n  t e x t u r e  
can a l s o  b e  obtained. However, from t h e  
point  of view of o r i e n t e d  growth, it is  
very d i f f i c u l t  t o  exp la in  t h e  above ex- 
perimental  r e s u l t s  f o r  t h e  molybdenum 
s i n g l e  c r y s t a l s .  A s  t h e  degree of de- 
formation inc reases ,  why do t h e  r e c r y s t a l -  
l i z a t i o n  t e x t u r e s  change from (221) [ 1141, 
(110) [ O O l ]  t o  (320) [ O O l ]  and (210) [OOl], 
even though the main deformation t e x t u r e  
i s  {111)<112>? 
growth theory,  t h e  (120) [ 0011 r ec rys  t a l l i -  
za t ion  t e x t u r e  must be  obtained more 
r e a d i l y  i n  (110)[001] s i n g l e  c r y s t a l  speci- 
mens cold-rol led 70% than i n  specimens 

According t o  t h e  o r i e n t e d  
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Figure 6 

(110) Pole  Figure of t h e  Cold- 
Rolled and Annealed (a t  1500°C) 
(111) [11Z] Sing le  Crys t a l .  
(a) 70% r o l l e d ,  (b) 80% r o l l e d ,  
( c )  85% r o l l e d .  

e - (22i)  [ m i ;  o - (110) [ o o i l ;  
Q - (320) [ O O l ]  ; o - (210) [OOl] 

I (1) - Roll ing d i r e c t i o n  

cold-rolled 85%. This is due t o  t h e  f a c t  
t h a t  t h e  (110) [ O O l ]  deformation t e x t u r e  i s  
s t ronge r  i n  a 70% cold-rol led specimen 
than i n  a 85% cold-rol led specimen. 
is  not t h e  case, however. Walter and 
Hibbard (Ref. 3) i n v e s t i g a t e d  s i l i c o n - i r o n  
s i n g l e  c r y s t a l s  of t h e s e  o r i e n t a t i o n s ,  and 
assumed t h a t  those components of deforma- 
t i o n  t e x t u r e s  which have t h e  same o r i en ta -  
t i o n  as t h e  r e c r y s t a l l i z a t i o n  t e x t u r e  might 
become t h e  n u c l e i  i n  r e c r y s t a l l i z a t i o n .  
D-mz a d  Kzh ( R e f .  1, 2) proposed adopting 
t h e  o r i en ted  nuc lea t ion  theory t o  exp la in  
t h e  formation of t h e  r e c r y s t a l l i z a t i o n  
t ex tu res  (110) [OOl] , (320) [ O O l ]  and (210) 
[OOl], a f t e r  t h e  s i l i c o n - i r o n  s i n g l e  crys- 
tals are cold-rol led and annealed. 
an explanat ion i s  only provided f o r  t h e  
source of t h e  c r y s t a l  n u c l e i  of (110)[001] 
o r i e n t a t i o n ,  and n o t  f o r  t h e  sources  of 
c r y s t a l  n u c l e i  of o r i e n t a t i o n s  (320)[001] 
and (210) [ O O l ]  . 

This 

However, 

In o rde r  t o  e x p l a i n  t h e  p o s s i b l e  
source of r e c r y s t a l l i z a t i o n  n u c l e i  and t h e  
r u l e  according t o  which t h e  o r i e n t a t i o n  
changes w i t h  a change i n  t h e  degree of de- 
formation, f i r s t  l e t  us  d i scuss  t h e  t r ans -  
formation of t h e  s l i p  systems when a crys- 
t a l  of (111)[112] o r i e n t a t i o n  i s  deformed 
by r o l l i n g .  Figure 7 shows a s t anda rd  
pole f i g u r e  of a ( 1 ~ ) [ 1 1 2 ]  o r i e n t a t i o n  
s i n g l e  crystal .  From t h e  f i g u r e ,  i t  may /302 
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be r e a d i l y  seen t h a t  i n  r o l l i n g  deforma- 

The Standard Po le  Figure 
of a C r y s t a l  With Orien- 
t a t i o n  (111) [ll?]. 

(1) - Roll ing d i r e c t i o n  

t h e  m e t a l  flow d i r e c t i o n .  I n  r o l l i n g  

t i on  
( i io )  
( i i o  ) 

t h e  s i x  sets ( O i l )  [lll], < l O i )  11111, 
[ i l l ] ,  ( o i i )  [ i i i ] ,  ( i o i )  [iii] and 
[lli] of s l i D  systems do n o t  easily 

s l i p ,  wh i l e  f o r  (oil j  [iii], (101) [ i i i ]  ,- 
(110) [iii] , (110) [MI, (011) [ i i i ]  and 
(101) [ili] , s l i p  may occur. Considering 
t h e  d i f f e r e n c e s  i n  t h e  angle  between t h e  
flow d i r e c t i o n  of t h e  m e t a l  and t h e  s l i p  
d i r e c t i o n  of each set of s l i p  systems, 
we know t h a t  only t h e  t a n g e n t i a l  stress 
component cos x'cos A*F i s  n o t  s u f f i -  
c i e n t  t o  determine whether s l i p  w i l l  
occur a t  a p a r t i c u l a r  set of s l i p  sys- 
tems when t h e  c r y s t a l  is  r o l l e d .  (x  is  
the angle  between t h e  r o l l i n g  d i r e c t i o n  
and t h e  normal l i n e  of t h e  s l i p  plane;  
A i s  t h e  angle  between t h e  r o l l i n g  
d i r e c t i o n  and t h e  s l i p  d i r e c t i o n ;  F is  
the stress upon t h e  specimen.) 
necessary t o  in t roduce  t h e  e f f e c t i v e  
t a n g e n t i a l  stress component cos x'cos A *  
' cos  $ O F ,  where $ i s  t h e  angle  between 
the s l i p  d i r e c t i o n  and t h e  metal flow 
d i r e c t i o n .  In r o l l i n g  deformation, $ is  
the angle  between t h e  s l i p  d i r e c t i o n  and 

deformation, $ is equa l  t o  A .  The va lues  

It i s  

of cos x'cos X and cos x*cos X*cos $ f o r  the s ix  sets of s l i p  systems are 
l i s t e d  i n  Table 1. 
t h e  r o i l i n g  deformation, s l i p  occurs m s t  r e a d i l y  wi th  systems (011) [lli] and 
(101) [Ill]. 
t e m s  (011) [ l i l ]  and (101) [ili]. 
of molybdenum s i n g l e  c r y s t a l s  (Ref. 8), it  w a s  found t h a t  s l i p  o f t e n  occurs 
concurrent ly  on two sets of { l l O )  surfaces  along t h e  same <111> d i r e c t i o n .  
Since t h e  t a n g e n t i a l  stress components a r e  d i f f e r e n t  on t h e s e  { l l O )  s u r f a c e s ,  
t h e  apparent  s l i p  s u r f a c e  composed a f t e r  t h e  combined s l i p  may be  (1121, (1231, 
{1451. ..{1101. 
s l i p  occurs most e a s i l y  a t  systems (011)[111] and ( l O l ) [ l l i ] .  Since t h e  e f f ec -  
t ive  t a n g e n t i a l  stress components of these two systems are equal ,  t h e  apparent 
s l i p  s u r f a c e  formed a f t e r  t h e  combined s l i p  i s  probably (112) ( see  Figure 7) .  
A f t e r  
o rde r  t h a t  t h e  two sets of s l i p  systems ( O l l ) [ l l i ]  and ( l O l ) [ l l i ]  may s t i l l  be  
active a f t e r  t h e  r o t a t i o n  of t h e  c r y s t a l ,  t h e  c r y s t a l  o r i e n t a t i o n ,  a f t e r  
r o l l i n g ,  w i l l  r o t a t e  clockwise around [ T l O ] ,  t h e  s l i p  d i r e c t i o n  w i l l  be  f a r  
from t h e  r o l l i n g  d i r e c t i o n ,  and thus  the deformation t e x t u r e s  (221)[1141 and 
(110)[001] are obtained. 
(110) [ 1111 and (011) [ 1111 becomes more and more important.  Since t h e  e f f e c t i v e  
t a n g e n t i a l  stress components of t h e s e  two systems are n o t  equa l ,  t h e  apparent  
s l i p  s u r f a c e  formed a f t e r  t h e  combined s l i p  cannot be  (121). I f  s l i p  on t h e  
s u r f a c e  (011) and (110) i s  d i s t r i b u t e d  according t o  t h e  e f f e c t i v e  t a n g e n t i a l  

From t h e  value of cos x-cos A*cos $, it  can be  seen t h a t  i n  

The systems (110) [lil] and' (110) [ili] are n e x t ,  followed by sys- 
When we w e r e  s tudying t h e  p l a s t i c  deformation 

When a (111)[112] s i n g l e  crxstal i s  deformed by r o l l i n g ,  t h e  

t h e  s l i p ,  t h e  r o t a t i n g  axis f o r  t h e  bending of the la t t ice  is  [ i lO] .  I n  

A s  t h e  reduction i n c r e a s e s ,  t h e  s l i p  of systems 
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TABLE 1 

l Angle x 
Between 
t h e  Roll- 
i n g  Direc- 
t i o n  and the 
Normal Line 
of the S l i p  ' Surface 

VALUES OF cos X * C O S  h AND COS X'COS h*cos Q AT DIFFEMNT SLIP 
SYSTEMS WHEN A (111) [I121 SINGLE CRYSTAL I S  ROLLED 

11'52' 

61'52' 

S l i p  
System 

0.273 . 0.157 

0.137. 0.0915 I 

Angle X 
Between t h e  
Roll ing 
Direct ion  
and t h e  

t i o n  
slip Dim?* 

1 13'28' 

1 11'52' 

I I Angle Q 
Between t h e  

Direct ion 
and t h e  
S l i p  Direc- 
t i on .  

19'28' 1 0.273 1 0.257 

stress component, then t h e  apparent s l i p  s u r f a c e  formed a f t e r  t h e  combined 
s l i p  is probably c l o s e  t o  (231) (see Figure 7) .  A f t e r  t h e  a c t i o n  of t h e s e  two 
s l i p  systems, t h e  r o t a t i n g  axis of t h e  l a t t i c e  bending is, on t h e  average, 
[?141. I n  o rde r  t h a t  t h e  two sets of s l i p  systems ( l l O ) [ l i l ]  and (011)[111] b e  
s t i l l  e f f e c t i v e  a f t e r  tke- cry&al r o t a t i o n ,  t h e  o r i e n t a t i o n  of a c r y s t a l  a f t e r  /303 
r o l l i n g  w i l l  r o t a t e  clockwise around [?14], and t h e  s l i p  d i r e c t i o n  [lil] w i l l  
approach t h e  r o l l i n g  d i r e c t i o n .  Due t o  t h e  above e f f e c t s  of t h e  fou r  sets of 
s l i p  systems (011) [ lli] , (101) [ lli] , (110) [lil] and (011) [ lil] , the la t t ice  
o r i e n t a t i o n  is  r o t a t e d .  On t h e  averagel t h e  p o s i t i o n s  of t h e  r o t a t i n g  a x i s  
f a l l  on the l i n e  connecting [ i l O ]  and [3141 ( see  Figure 71, and t h e  rotation 
can only b e  clockwise. As t h e  degree of deformation i n c r e a s e s ,  t h e  e f f e c t  of 
t h e  s l i p  systems (110) [lil] and (011) [li:] increases , - the p o s i t i o n  of t h e  aver- 
age r o t a t i o n  a x i s  g radua l ly  moves from [110] toward [314], and t h e  angle  of  
r o t a t i o n  of t h e  l a t t i ce  o r i e n t a t i o n  a l s o  increases. 
be  followed i n  d i scuss ing  the  l a t t i c e  o r i e n t a t i o n  v a r i a t i o n  when t h e  s l i p  
systems (011) [lli], ( l O l [ l l i ]  , (110) [ill] and (101) [Ili] are active. I n  t h i s  
case, t h e  p o s i t i o n s  of t h e  r o t a t i o n  axis f a l l  on t h e  l i n e  connecting [I101 and 
[ 1741 , and t h e  r o t a t i o n  is counter-clockwise. The geometric r e l a t i o n s  between 
t h e  (111) [ll?] o r i e n t a t i o n  and (221) [114], (110) [ O O l ]  , (320) [ O O l ]  , (210) [ O O l ]  , 
(310)[001],  (410)[001] and (100)[001] are analyzed and l i s t e d  i n  Table 2 and 
F igu re  8. From Table 2 and Figure 8, it  can be  seen t h a t  a geometric r e l a t i o n -  
s h i p  e x i s t s  between t h e  (111) [ 1121 o r i e n t a t i o n  and o r i e n t a t i o n s  such as (110) 
[ O O l ] ,  and t h a t  t h e  angle  r o t a t e d  about a c e r t a i n  axis is  constant .  
p o s i t i o n s  of t hese  axes f a l l  e x a c t l y  on t h e  l i n e  connecting [ i l O ]  and [?141. 

A s i m i l a r  procedure can 

The 

,- I As the o r i e n t a t i o n  varies from (110) [OO;] toward (100) [ O O l ]  , t h e  p o s i t i o n s  of 
' t he  r o t a t i n g  axes a l s o  move from [ i l O ]  toward [314], and t h e  ang le  of r o t a t i o n  
becomes l a r g e r .  
t h e  deformation t e x t u r e  (210) [ O O l ]  appears only a f t e r  r e l a t i v e l y  l a r g e  de- 
formations.  

This and t h e  a n a l y s i s  given above agree w i t h  t h e  f a c t  t h a t  
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TABLE 2 

. .  

THE GEOMETRIC RELATIONSHIP BETWEEN THE (111) [ 1121 
ORIENTATION AND (110) [ O O l ]  , ETC. 

Figures 7 
O r i e n t a t i o n  

(22T)[ 1113 
(1 10) 100 13 

(2 10) [ 00 11 
(3 10) roo1 1 
(4 10) [OO 13 
(100) [OO 11 

(320)[001] 

I [XlO] 
I 
I1 
I11 
I V  

V 
VI [311] 

15'48' 
35' 
37' 
33' 
12' 
17' 
57' 

1 

Figure 8 

The Geometric Relat ionship Between 
t h e  (111) [ 1121 Or ien ta t ion  and 

(210) [ O O l I  , (310) [OOl] , (410) [ O O l I ,  
and (100) [ O O l ]  Or i en ta t ions  [ (100) 
Po le  Figure] .  

A-(1 11) [ I  121 : 6+22i) [ 1 I I] ; 

(22i)  [ i i 4 ] ,  (110) [oo i ] ,  (320) [ooi],  

0-( 1 lO)[OOll; @-(320)[001] ; 
Q-( 21 0) [OO 1 J ; El-( 3 10) [ 00 13 ; 
O-(I1O)[OOlJ ; 0-(100)[001], 

(1) - Rol l ing  d i r e c t i o n  

Although t h e  (111) [ l l z ]  o r i en ta -  
t i o n  i s  a s t a b l e  o r i e n t a t i o n  wi th  re- 
spect t o  r o l l i n g  deformation, when a 
(111)[112] c r y s t a l  is  r o l l e d ,  p a r t  of 
the l a t t i c e  o r i e n t a t i o n  can s t i l l  be  
r o t a t e d ,  due t o  t h e  i n t e r a c t i o n  among 
many sets of the s l i p  systems, and forms 
weak deformation t e x t u r e s  such as (221) 
[114], (110) [ O O l ]  , (320) [ O O l ]  , (210) 
[ O O l ] .  A t  r e c r y s t a l l i z a t i o n ,  t h e s e  de- 
formation t e x t u r e s  may become t h e  re- 
c r y s t a l l i z a t i o n  n u c l e i ,  by way of t he  
i s o t r o p i c  r e c r y s t a l l i z a t i o n  process ,  
and develop i n t o  r e c r y s t a l l i z a t i o n  
t e x t u r e s ,  such as (221) [114],  (110) [ O O l ] ,  
(320)[001] and (210)[001]. When a (111) 
[ U T ]  s i n g l e  c r y s t a l  i s  r o l l e d ,  s l i p  
f i r s t  t a k e s  p l a c e  a t  s l i p  systems (011) 
[ l l i ]  and (101) [ l l i ]  and then a t  systems 
(110) [ 1111 and (011) [ 1111 . Therefore ,  
t h e  r o t a t i n g  a x i s  of p a r t  of t h e  l a t t i ce  
o r i e n t a t i o n  is n o t  n e c e s s a r i l y  l i m i t e d  
t o  p o s i t i o n  [314]. 
r o l l i n g ,  i t  is n o t  p o s s i b l e  t o  o b t a i n  
t h e  deformation t e x t u r e  (100)[001], nor  
t h e  (100) [ O O l ]  r e c r y s t a l l i z a t i o n  tex- 
t u r e .  However, i t  i s  p o s s i b l e  t o  ob- 
t a i n  the r e c r y s t a l l i z a t i o n  t e x t u r e  
(310) [ 0011 . 
r o l l e d  and r e c r y s t a l l i z a t i o n  t e x t u r e s  
of a (110)[0013 i r o n - s i l i c o n  s i n g l e  
c r y s t a l  (Ref. 7 ) ,  w e  obtained 

A f t e r  t h e  cold- 

When s tudying t h e  col d- 
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.. 
concent ra ted  (310)[001] and (410)[0011 r e c r y s t a l l i z a t i o n  t ex tu res .  

The s i t u a t i o n  when a (110)[0011 s i n g l e  c r y s t a l  is  r o l l e d  i s  similar t o  1304 
t h a t  when a (111)[112] s i n g l e  c r y s t a l  i s  ro l l ed .  
when a (110) [OOl] s i n g l e  c r y s t a l  is  ro l l ed  are (011) [ 1111 , (101) [ l l i ]  , (Ol i )  
[ l l l ]  and ( l O i ) [ l l l ]  (Ref. 6 ) ,  due t o  t h e  e f f e c t  of t h e s e  four  sets of s l i p  
systems, t h e  o r i e n t a t i o n  of a (110)[001] s i n g l e  c r y s t a l  w i l l  r o t a t e  around 
[I101 during t h e  r o l l i n g  process  and form a s t a b l e  deformation t e x t u r e  (111) 
<112>. When deformation is  continued, s t a r t i n g  from deformation t e x t u r e  
{111)<112>,  i t  is  poss ib l e  t o  ob ta in  deformation t e x t u r e s  (320) [OOl] , (210) 
[OOl] and r e c r y s t a l l i z a t i o n  t ex tu res  (320)[001], (210)[001] a f t e r  annealing. 
This exp la ins  t h e  f a c t  t h a t  r e c r y s t a l l i z a t i o n  t e x t u r e s  (110)[0013 and (320)[0011 
are obtained when a 1111)[112] s i n g l e  crystal is co ld- ro l led  80% and annealed, 
while  only r e c r y s t a l l i z a t i o n  t e x t u r e  (110)[001] -- and no t  (320)[001] -- is  
obtained when a (110)[001] s i n g l e  c r y s t a l  is  co ld- ro l led  80% and annealed. 

Because t h e  s l i p  systems 

When a (111)[112] s i n g l e  c r y s t a l  i s  cold-rol led 80 - 85% and annealed, 
only r e c r y s t a l l i z a t i o n  t e x t u r e s  (320)[001] and (210)[001] are obtained,  bu t  no t  
r e c r y s t a l l i z a t i o n  t ex tu res  (230)[001] or  (120)[001]. The reason f o r  t h i s  
probably l i es  i n  t h e  f a c t  t h a t  t he re  i s  a s l i g h t  devia t ion  between t h e  r o l l i n g  
d i r e c t i o n  and 11121 d i r e c t i o n ,  which causes s l i p  systems (110) [ l i l ] ,  (011) 
[ l i l ]  t o  s l i p  more r e a d i l y  than s l i p  system (110) [ I l l ] ,  (101) [ i l i ]  . Thus, 
a f t e r  t h e  deformation of a c r y s t a l ,  only deformation textures (320)[0011 and 
(210) [OOl] are formed. A p a i r  of symmetric deformation t ex tu res  (111) [112] 
and (111) [Ti21 are obtained when a (110) [OOl] s i n g l e  c r y s t a l  is  cold-rol led.  
Therefore ,  a f t e r  being r o l l e d  85%, a p a i r  of symmetric deformation t e x t u r e s  
(120) [OOl] and (210) [OOl] may be obtained [ (120) [OOl] i s  probably weaker than 
(210)[001];  t he re fo re ,  only (210)[001] can be  observed on t h e  po le  f i g u r e ]  and 
only a f t e r  annealing is a p a i r  of r e c r y s t a l l i z a t i o n  t e x t u r e s  (120)[0011 and 
(210) [OOi] ob ta imd .  

Summarizing t h e  above d iscuss ion ,  w e  b e l i e v e  t h a t  f o r  s i n g l e  c r y s t a l s  
having t h i s  type of o r i e n t a t i o n ,  a f t e r  being co ld- ro l led  70-85%, o r i en ted  
nuc lea t ion  i s  the  p r i n c i p a l  f a c t o r  leading t o  t h e  development of r e c r y s t a l l i z a -  
t i o n  t ex tu res .  When c r y s t a l s  are ro l l ed ,  due t o  t h e  i n t e r a c t i o n  of many sets 
of s l i p  systems, deformation t e x t u r e s  of a c e r t a i n  o r i e n t a t i o n  are formed. 
This deformation t e x t u r e  becomes t h e  r e c r y s t a l l i z a t i o n  nucleus,  probably by 
means of i s o t r o p i c  r e c r y s t a l l i z a t i o n .  
of s l i p  systems induces t h e  r o t a t i o n  of p a r t  of t h e  lattice o r i e n t a t i o n  when 
t h e  s i n g l e  c r y s t a l  (111) [112] i s  ro l l ed  expla ins  t h e  following phenomena. 

t u r e s  change from (221) [114], (110) [OOl] toward (320) [OOl] , (210) [OOlI. 

The f a c t  t h a t  i n t e r a c t i o n  among t h e  sets 

' F o r  t h e  s i n g l e  c r y s t a l  of t h i s  type of o r i e n t a t i o n ,  t h e  r e c r y s t a l l i z a t i o n  tex- 

I V .  Conclusions 

1. When a (110)[001] molybdenum s i n g l e  c r y s t a l  i s  co ld- ro l led  70-85%, 
the  deformation t e x t u r e s  are mainly (111) [ l l z ]  and (111) [ i i 2 ] ,  i n  add i t ion  t o  

' t h e  weak one (110)[001]. Af t e r  being cold-rol led 85%, a weak deformation 
, texture (210)[001] is  formed. 

2.  When a (110)[001] molybdenum s i n g l e  c r y s t a l  i s  cold-rol led 70% and 
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annealed, t h e  r e c r y s t a l l i z a t i o n  t e x t u r e s  are CllO) [ Oal] and weaker (211) [ 1141 
and (221) [1141 ; a f t e r  80% reduct ion and annealing, t h e  r e c r y s t a l l i z a t i o n  tex- 
t u r e  i s  (110) [OOl]; a f t e r  85% reduct ion and annealing, t h e  r e c r y s t a l l i z a t i o n  
t e x t u r e s  are (110) [ O O l ]  and weaker (120) [ O O l ]  , (210) [ O O l ]  . 

3. When a (111) [ll?] molybdenum c r y s t a l  i s  cold-rol led 70-85%, t h e  de- 
formation t e x t u r e  i s  mainly (111)[112] as ide from the  weaker one (110)[001]. 
A f t e r  85% reduc t ion ,  weak deformation t e x t u r e  (210) [OOl] i s  formed. 

4. When a (111) [ l l z ]  molybdenum s i n g l e  c r y s t a l  i s  cold-rol led 70% and 
annealed, t h e  r e c y r s t a l l i z a t i o n  t e x t u r e  i s  (110) [ O O l ]  and weaker (221) [114] ; 
a f t e r  80% reduc t ion  and annealing, t h e  r e c r y s t a l l i z a t i o n  t e x t u r e s  are (110)[001] 
and (320)[0011; after 85% reduct ion and annealing, t h e  r e c r y s t a l l i z a t i o n  
t e x t u r e s  are (110) [ O O l I  and (210) [ O O l ]  . 

5. Among t h e  cold-rol led specimens, deformation t e x t u r e s  wi th  t h e  same 
o r i e n t a t i o n  as r e c r y s t a l l i z a t i o n  t e x t u r e s  a l r eady  exist .  These deformation 
t e x t u r e s  may become n u c l e i  of t h e  r e c r y s t a l l i z a t i o n  by means of i s o t r o p i c  re- 
c r y s t a l l i z a t i o n .  

6. Analyzing t h e  i n t e r a c t i o n  of the s l i p  systems when a (111)[112] or ien-  
t a t i o n  s i n g l e  c r y s t a l  is  r o l l e d ,  w e  may most s a t i s f a c t o r i l y  e x p l a i n  t h e  f a c t  
t h a t  t h e  r e c r y s t a l l i z a t i o n  t e x t u r e  changes gradual ly  from (110)[001] t o  (210) 
[ O O l ]  as the reduct ion is  inc reased  f o r  a s i n g l e  c r y s t a l  of t h i s  o r i e n t a t i o n  
from t h e  o r i e n t e d  nuc lea t ion  p o i n t  of view. 
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